Triacylglycerols (TAGs) isolated from a biological sample provide a challenge for mass spectrometric analysis because of the complexity of naturally occurring TAGs, which may contain different fatty acyl substituents resulting in a large number of molecular species having the identical elemental composition. We have investigated the use of mass spectrometry to obtain unambiguous information as to the individual TAG molecular species present in a complex mixture of triacylglycerols using a linear ion trap mass spectrometer. Ammonium adducts of TAGs, [M ϩ NH 4 ] ϩ , were generated by electrospray ionization, which permitted the molecular weight of each TAG molecular species to be determined. The mechanisms involved in the decomposition of the [M ϩ NH 4 ] ϩ and subsequent fragment ions were investigated using deuterium labeling, MS/MS, and MS 3 experiments. Collision induced decomposition of [M ϩ NH 4 ] ϩ ions resulted in the neutral loss of NH 3 and an acyl side-chain (as a carboxylic acid) to generate a diacyl product ion. MS/MS data were used to identify each acyl group present for a given [M ϩ NH 4 ] ϩ ion, and this information could be combined with molecular weight data to identify possible TAG molecular species present in a biological extract. Subsequent MS 3 experiments on the resultant diacyl product ions, which gave rise to acylium (RCO ϩ ) and related ions, enabled unambiguous TAG molecular assignments. These strategies of MS, MS/MS, and MS 3 experiments were applied to identify components within a complex mixture of neutral lipids extracted from RAW 264.7 cells. (J Am Soc Mass Spectrom 2005, 16, 1498 -1509
Triacylglycerols (TAGs) isolated from a biological sample provide a challenge for mass spectrometric analysis because of the complexity of naturally occurring TAGs, which may contain different fatty acyl substituents resulting in a large number of molecular species having the identical elemental composition. We have investigated the use of mass spectrometry to obtain unambiguous information as to the individual TAG molecular species present in a complex mixture of triacylglycerols using a linear ion trap mass spectrometer. Ammonium adducts of TAGs, [M ϩ NH 4 ] ϩ , were generated by electrospray ionization, which permitted the molecular weight of each TAG molecular species to be determined. The mechanisms involved in the decomposition of the [M ϩ NH 4 ] ϩ and subsequent fragment ions were investigated using deuterium labeling, MS/MS, and MS 3 experiments. Collision induced decomposition of [M ϩ NH 4 ] ϩ ions resulted in the neutral loss of NH 3 and an acyl side-chain (as a carboxylic acid) to generate a diacyl product ion. MS/MS data were used to identify each acyl group present for a given [M ϩ NH 4 ] ϩ ion, and this information could be combined with molecular weight data to identify possible TAG molecular species present in a biological extract. Subsequent MS 3 experiments on the resultant diacyl product ions, which gave rise to acylium (RCO ϩ ) and related ions, enabled unambiguous TAG molecular assignments. These strategies of MS, MS/MS, and MS 3 experiments were applied to identify components within a complex mixture of neutral lipids extracted from RAW 264. T riacylglycerols (TAGs) are relatively simple lipid substances in that they are made up of free fatty acids esterified to the 3-carbinol oxygen atoms of glycerol. In spite of their being glycerol triesters, these fat molecules are at the center of some of the most complex biochemical systems that drive energy production and storage in an organism [1] . Since these molecules are essentially water insoluble, a transport mechanism is required for their movement in the blood and distribution to distal cells. This is accomplished by the family of lipoproteins such as chylomicrons, very low density lipoproteins (VLDL), and to some extent, low density lipoproteins (LDL) [2, 3] . These soluble complexes of various physical sizes deliver TAGs to virtually every cell in the body. At the cellular site, hormone sensitive lipase rapidly degrade TAGs to free fatty acids and glycerol either for energy production, biochemical intermediate metabolism, or reconversion to TAGs for storage [4] . Evidence has been accumulating that the extraordinary rise in Type II diabetes, in particular with individuals below the age of 30, is directly or indirectly related to elevation of TAGs in the diet [5, 6] .
Triacylglycerols are present in all cells in various amounts with the adipocyte being the cell with the largest quantity, since it is a specialized cell for the storage of this type of lipid [7] . Also, there is evidence that cells can transport TAGs from intracellular lipid bodies to the cell membrane by means of an intracellular organelle called the adiposome [8] . TAGs exist as unique molecular species of lipids within cells, and the analysis of these lipids present considerable challenge to the analytical biochemist. Much of our present understanding of the role of TAGs comes from measurement of either the total quantity of TAG present in cells or fatty acids that can be released from TAGs after isolation and saponification, rather than knowledge of TAG molecular species. GC/MS and electron ionization was employed to assess the complexity of naturally occurring TAG molecular species as early as the 1970s, exemplified by the work of Hites and coworkers [9 -11] . However, the volatility of some TAGs, especially those containing polyunsaturated fatty acyl groups, require very high temperatures (Ͼ300°C) to elute from a gas chromatograph, which can lead to decomposition in the well known ester pyrolysis reaction. More recently, electrospray ionization and atmospheric pressure ion-ization have been employed to analyze TAGs at the molecular species level using considerably gentler conditions [12] [13] [14] [15] . Notable advances were made by Han and Gross [16] and Hsu and Turk [17] using lithium adducts of TAGs with collisional activation of the [M ϩ Li] ϩ ions to yield diacyl product ions that revealed specific information about acyl groups esterified to individual TAG molecular species. Also, Byrdwell and Neff employed MS 3 to study the composition of synthetic TAG species [18] . Cheng, Gross, and Pittenauer used high-energy collisions of ammonium and sodium adducts of TAGs to elucidate acyl position on the glycerol backbone and double-bond location of unsaturated acyl moieties [19] of pure TAG molecular species.
The potential complexity of TAG molecular species derived from biological sources can be illustrated by calculating the theoretical number of unique species that can be derived from the common, naturally occurring fatty acyl groups found in cells originating from decanoic acid (C 10 ) to dodecanoic acids (C 22 ) including odd chain fatty acids and common unsaturated fatty acids such as oleic, linoleic, arachidonic, and docosahexaenoic acid. Such a list would include 30 different fatty acids, but would result in more than 25,000 different molecular species. While many of these are positional isomers (esterification of the same fatty acids but at different glycerol carbon atoms at sn-1, sn-2, and sn-3), the total number of unique species (differing by different fatty acyl substituents) is still enormous. For example, there are 129 species that could result in a [M ϩ NH 4 ] ϩ adduct ion at m/z 878.8 ( Ϯ0.1) and 43 of those have unique esterified fatty acids at this single mass-tocharge ratio.
We describe here a strategy using MS 3 to analyze TAGs from a complex mixture as the NH 4 ϩ adduct ions using electrospray ionization. This method was used to unambiguously identify the unique molecular species at the level of individual esterified fatty acyl groups present within the RAW 264.7 cells. 
Materials and Methods

Materials
Cells
The cells used in this study were the RAW 264.7 macrophage-like cell line derived from tumors induced in male BALB/c mice by the Abelson murine leukemia virus. The RAW 264.7 cells were obtained from ATCC laboratories (cat. no. TIB-71; lot no. 3002360) for use by the LIPID MAPS consortium. In brief, the cells were grown in an incubator with a 5% CO 2 , humidified atmosphere maintained at 37°C. Cells were allowed to grow until 80% confluent (2 to 3 days) at which time they were passed and/or harvested. Passage involved dispensing 5 ϫ 10 6 cells into a new 150 cm 3 flask with fresh medium.
Extraction and Isolation of Neutral Lipids
Lipids were extracted from the RAW 264.7 cells using the Bligh-Dyer method [20] . TAGs were then separated from the lipid extract as part of the neutral lipid fraction by a solid-phase extraction method [21] . Briefly, the lipid extract from 1 ϫ 10 8 cells was added to an amino propyl column (Supelco DSC-NH 2 , 3 mL tube, 500 mg) previously equilibrated with hexane (9 mL) before loading the lipid extract dissolved in chloroform (200 L). A mixture of chloroform:isopropanol (2:1, 6 mL) was then used to elute the neutral lipids. The neutral lipid fraction was then dried under nitrogen and redissolved in CHCl 3 (1 mL) and stored at Ϫ20°C.
Preparation of Samples for Mass Spectrometric Analysis
An aliquot (100 L) of the neutral lipid fraction was diluted in 900 l chloroform:methanol (1:1, vol/vol) and 20 L aqueous NH 4 OAc (0.1 M) was then added, resulting in a final ammonium ion concentration of 5 mM. TAG standard ESI mixtures were prepared in an identical solvent system at a concentration of 10 ng/L. ESI mixtures for experiments involving active hydrogen atom exchange of the ammonium ion were prepared using aqueous ammonium-D 4 acetate-D 3 (98%, 0.1 M in D 2 O, 99.9%) and methanol-OD, 99.5%.
Electrospray Ionization Mass Spectrometry (ESI/MS)
ESI mass spectrometry was carried out using a ThermoFinnigan LTQ linear ion trap mass spectrometer (San Jose, CA) equipped with an electrospray ionization source. The sample was introduced into the ESI source directly, via a drawn microcapillary, at a rate of 1.0 l/min. The mass spectrometer was operated in positive ESI mode and the signal tuned for the transmission and detection of TAG ammonium adduct ions. Typical experimental conditions were as follows; source voltage, 2.40 kV; capillary temperature, 250°C; capillary voltage, 29.0 V; ion isolation window, 1.5 u; maximum ion inject time, 100 ms; collision energy (MS 2 ), 30% and collision energy (MS 3 ), 25%. ESI/MS spectra were averaged over 50 scans, while MS/MS and MS 3 scans were collected for 0.5 min and spectra averaged over ϳ100 scans.
A mass shift of the precursor TAG molecular adduct was observed during MS/MS scans, such that centering on the mass of interest gave substantial isotopic interference. This was investigated further by stepping over the mass range m/z 822-826 in 0.2 u increments and recording the MS/MS spectrum at each m/z value. The most intense MS/MS spectra over this range were found to correspond to the TAGs 
Results
MS/MS of Labeled TAGs
The collision induced decomposition (CID) of TAG ammonium adduct ions [M ϩ NH 4 ] ϩ resulted in the characteristic loss of the elements of RCOOH and NH 3 as previously described [18, 19] , and a small but real [M ϩ H] ϩ corresponding to the loss of NH 3 . While we typically observed relative ion abundances from 1 to 5%, other investigators using the 3-D ion trap have observed abundances up to 20% [18] . A number of structures for the resultant diacyl product ion have been suggested [15, 19] , but no extensive mechanistic study has been reported for this abundant ion. Therefore, a series of experiments with deuterium labeled TAGs were conducted to determine the mechanism of diacyl product ion formation in the MS/MS spectra of ammoniated adducts (Table 1) . A similar study of deuterium labeled lithiated TAGs revealed that an analogous carboxylic acid loss resulted from a complicated mechanism involving the abstraction of an ␣-methylene proton from the acyl side-chain [17] .
Collision ϩ from a mixture of tripalmitin (10 ng/L) in CHCl 3 :MeOD (1:1) with 5 mM ND 4 OAc, obtained on a LTQ mass spectrometer. 14 COOH and NH 3 , indicating that the glycerol hydrogen atoms were not involved the acyl side-chain loss. At this stage, the only remaining hydrogen atoms likely to be involved in the acyl side-chain loss from ammoniated TAGs originated from the ammonium ion itself. Labeling of the ammonium hydrogen atoms was therefore carried out through active hydrogen atom exchange conditions and the [M ϩ ND 4 ] ϩ ion of (unlabeled) tripalmitin (m/z 828) was observed to undergo a neutral loss of 277 u (Figure 1b) , consistent with the combined loss of CH 3 (CH 2 ) 14 ϩ ion. This result strongly supported an ammonium ion origin for the carboxylate proton in the palmitic acid, which was lost in the decomposition of ammoniated tripalmitin.
To further investigate the mechanism involved in the decomposition of [M ϩ NH 4 ] ϩ derived from TAGs, additional ND 4 ϩ labeled studies were carried out using TAG standards 16:0/16:0/18:0, 16:0/16:0/18:1, 18:1/18: 1/18:1 (Table 1) . In each case, neutral losses from the labeled ND 4 ϩ adducts were mass shifted by 4 u in comparison with the unlabeled NH 4 ϩ adducts, consistent with the involvement of the ammonium hydrogen atoms. For example, the neutral loss of the acyl sidechain 18:1 plus ammonia from the ND 4 ϩ adduct of 16:0/16:0/18:1 (m/z 854), which resulted in a diacyl product ion without acyl double bonds (m/z 551), was found to mass shift from 299 to 303 u. However, the neutral acyl losses which formed the unsaturated diacyl 
TAGs in RAW Cells
The neutral lipid fraction obtained from RAW 264.7 cells contained a complex mixture of TAGs with the majority of the molecular ions observed between m/z 800 to 950 which was a mass-to-charge window that did not overlap with any other class of neutral lipids, such as cholesterol esters, in this neutral lipid fraction (Figure 2a) . The major ions observed in the spectrum corresponded to ammoniated TAGs and thus appeared at even masses with a large fractional mass attributable to the large number of hydrogen atoms [1] . Figure 4 ) the MS/MS yielded a large number of diacyl product ions. For example, collisional activation of m/z 820, which corresponded to the 48:2 TAG molecular species, yielded 10 or more diacyl product ions ( Figure  3c ). Each diacyl product ion could be used to identify a unique fatty acyl substituent (from the neutral loss) in the original TAG (Figures 3 and 4) .
This identification of fatty acyl substituents was then assembled for each nominal mass that was collisional activated (Table 3) where columns are representative of individual TAGs in a specific mass-to-charge ratio, while rows represent the possible acyl side chains. Table 3 A list of possible TAG molecular species using the MS/MS data from Table 3 was consistent with the molecular weight of the TAG (Table 4) . It should be noted that this list did not distinguish between regioisomers. However, this list did include some TAG molecular species which were not present. For example, loss of acyl substituents 14:0, 15:0, 16:0, 17:0, and 18:0 from 48:0 (m/z 824) occurred with an approximate ratio of 1:1:10:1:1 and, given that the loss of 16:0 was much more abundant than the other acyl losses, it might be argued that the TAG species 16:0/16:0/16:0 was undoubtedly present, however there is no direct evidence for this species.
As mentioned above, the diacyl product ions from [M ϩ NH 4 The complete MS 3 data for the 48 and 49 carbon series of TAGs can be summarized (Tables 6 and 7) as the loss of an acyl group to form a diacyl product ion, which was collisionally activated to give rise to ions characteristic of each fatty acyl substituent as observed in the MS 3 experiment and the third acyl substituent from the neutral loss in the MS 3 experi- ment. In Tables 6 and 7 , triacylglycerol molecular species were defined by (1) the acyl loss in the MS/MS spectrum, (2) diacyl identity from the observed MS 3 product ions, and (3) neutral mass loss from the diacyl product ion. Twelve isobaric species could be identified as present in the single [M ϩ NH 4 ] ϩ ion corresponding to 48:0 and 23 species comprising 48:1 TAG.
Discussion
The identification of TAGs from biological samples presents a challenging problem since naturally occurring mixtures of molecular species are quite complex. While approaches to separate species using HPLC are possible [18, 22, 23] , a direct mass spectrometric method would preclude the added complexity of HPLC separation. Nevertheless, complex mixtures of isobaric TAGs, such as those found in cell extracts, result in multiple acyl side-chain losses with concomitant uncertainty in assigning TAG identities based on MS/MS data alone. This is due to the occurrence of many isobaric diacyl product ions (e.g., 16:0/16:0 and 14:0/18:0) in the CID of TAGs that cannot be unambiguously confirmed or eliminated as possible molecular species. The analysis of lithium adducts of TAGs, which are formed under ESI conditions after the addition of Li ϩ , have been investigated using both MS/MS and neutral loss scanning on a tandem mass spectrometer [16, 17] ϩ are further dissociated, the resulting fragment ions in the MS 3 spectrum facilitate diacyl product ion identification. To meaningfully employ this previous information, an understanding of ion formation mechanisms was needed.
Possible mechanisms for the acyl side-chain loss process based on the analysis of isotope labeled species are shown in Scheme 1, which illustrates the rearrangement of the D 5 -glycerol atoms. Process A would involve the hydrogen abstraction at the sn-2 position, in a cyclic process, resulting in double-bond formation on the glycerol backbone and liberation of the sn-1/sn-3 acyl side-chain and ammonia. The resultant diacyl product ion would be protonated on the carbonyl oxygen and may then lead to the addition fragmentation in MS 3 experiments (see later discussion). The loss of the sn-2 acyl group by mechanism B would involve hydrogen abstraction at the sn-1/sn-3 position, in a seven centered process, resulting in double-bond formation on the glycerol backbone and an analogous loss of the sn-2 acyl side-chain and ammonia. Both mechanisms A and B were consistent with the deuterium labeled experiments of the saturated TAGs (Table 1) . A lower rate of reaction for process B, compared with process A, may explain the observed lower abundance of the resultant diacyl product ions in the CID of ammoniated TAG molecular adducts [18] . However, the inference of acyl positional information based on lower diacyl product ion abundance is not straightforward [15] and the added complexity of isobaric TAG molecular species extracted from RAW 264.7 cells do not allow for such an analysis to be carried out here. Possible mechanisms for the competing losses of RCOOH and ND 3 observed in the unsaturated TAGs are also shown in Scheme 1 as reactions C and D, which indicate the position of the D 5 -glycerol atoms. These proton migrations involved a charge remote six-membered rearrangement, which resulted in the elimination of an acyl side-chain and double-bond formation on the glycerol backbone and occurred in concert with the protonation by the ammonium ion and the subsequent loss of ammonia. The ions formed by processes C and D are identical to those formed by the processes A and B, with the exception that ions C and D retain an additional deuterium label when ND 4 ϩ was used in the ionization process, but lose one of the glycerol hydrogen atoms as the neutral carboxylate proton (Scheme 1).
The dissociation of the [M ϩ NH 4 ] ϩ ions of TAGs were deceptively simple in that all molecular species displayed the characteristic loss of an acyl side-chain as a neutral free acid and ammonia. Furthermore, since each of the three, possibly distinct, fatty acyl moieties could be involved in the neutral loss process, the identity of all acyl groups present in a TAG of interest could be readily determined using MS/MS data as has been published previously [16] . It follows that MS/MS data from an unknown mixture of TAGs could determine all acyl groups present in the sample. This information combined with the molecular weight of each TAG molecular species could then be used to readily characterize only pure TAGs, but not complex mixtures of isobaric TAGs.
Combined MS 3 data from labeled and unlabeled TAGs indicated that the acylium ion derived from the diacyl product ion (Scheme 1) was generated in a simple process which involved cleavage of the carbonyl-oxygen bond. The formation of the [RCO ϩ 74] ϩ ion involved a rearrangement process resulting in transfer of an ␣-methylene hydrogen from an acyl side-chain which was concurrently eliminated as a neutral ketene. Possible mechanisms for the formation of the RCO ϩ and [RCO ϩ 74] ϩ ions, which were consistent with the deuterium labeling experiments, are shown in Scheme 2, where the glyceryl hydrogen atoms are labeled with deuterium and the expected mass shifts of labeled ions from D 5 -tripalmitin and D 6 -tripalmitin are indicated in parenthesis. The acylium ion could be formed by a 1,3-hydrogen rearrangement of the diacyl product ion (mechanism a), while the [RCO ϩ 74] ϩ ion formed via a cyclic process which involved abstraction of an ␣-methylene hydrogen atom of the diacyl product ion and elimination of an acyl side-chain as a ketene (mechanism b) (Scheme 2). An alternative mechanism for the formation of the diacyl product ions and the [RCO ϩ 74] ϩ ions based on high-energy CID experiments of ammoniated TAGs has been reported [19] . This process involves the formation of a stable oxonium ion which may undergo elimination of an acyl side-chain as a ketene to give a [RCO ϩ 74] ϩ ion. The formation of the [RCO ϩ 74] ϩ ion from the diacyl product ion proposed in Schemes 1 and 2 is somewhat less complicated than the previous mechanism involving formation of a Scheme 1 Figure  2a , 55 TAGs were unequivocally identified in a complex neutral lipid fraction of RAW 264.7 cells using MS 3 data (Table 8) , where each TAG was classified into three arbitrary categories based on total ion abundances in the MS/MS and MS 3 spectra. Using this classification, it was determined that 56% of the TAGs were of trace abundance and were typically composed of at least one odd acyl chain. On comparing the MS/MS and MS 3 methods (Tables 4   and 8) , it was noted that MS/MS only missed 4 of the 55 TAGs identified using MS 3 data and that these missed species were of trace abundance. However, the interpretation of the MS/MS data alone led to the identification of a total of 68 possible TAG molecular species, 18 of which were not identified by MS 3 experiments. Therefore, while MS/MS successfully identified 93% of the TAGs using MS 3 data, the interpretation of MS/MS results led to a list of TAGs containing up to 26% incorrectly assigned TAG molecular species. While TAGs of major abundance would likely be correctly identified using MS/MS data, it appeared difficult to distinguish between TAGs which were of minor or trace abundance, or possibly absent, in a complex biological extract using MS/MS data alone.
In conclusion, the mechanisms involved in the decomposition of [M ϩ NH 4 ] ϩ ions of TAGs and the resultant diacyl product ions were investigated using deuterium labeling and MS/MS and MS 3 experiments. TAGs were found to undergo simple rearrangement processes to eliminate specific neutrals and generate a number of characteristic fragment ions in the MS/MS and MS 3 spectra. MS/MS was used in the analysis of TAGs to determine possible TAG molecular species present in a complex mixture without prior HPLC purification. The use of MS 3 experiments allowed for more complete and unambiguous TAG assignments to be made and led to the unequivocal identification of 54 TAG molecular species directly from a small subset of the total number of [M ϩ NH 4 ] ϩ ions derived from a complex mixture of neutral lipids extracted from RAW 264.7 cells.
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